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1. Introduction 
The physics design and analysis of a nuclear reactor includes multiple steps such as nuclear 
data generation, fuel and fuel assembly modeling, lattice parameter generation, and reactor 
system modeling and analysis, which inevitably result in uncertainties in simulation results 
due to imperfectness of nuclear data, geometry modeling, and solution methods. It is 
however essential that the computational tools and methods should predict the nuclear 
reactor system accurately so that the nuclear reactor operates safely and economically as 
designed. The accuracy of the design and analysis is required not only for the nuclear 
reactor system, but also for the nuclear transportation, waste disposal, experiment, accident 
analysis, and standard development (Bess et al., 2009). Confidence in the nuclear design and 
analysis results can only be obtained by comparing calculated results with measurement 
data. Fortunately a large number of reactor physics experiments have been conducted and 
the results have been documented as standard benchmark problems for various nuclear fuel 
and reactor types. 
This chapter will describe in general the background and evolution of benchmark problems 
that have been developed through international cooperation. In order to illustrate how the 
benchmark problems are used for the reactor design and analysis, examples of detailed 
benchmark calculations are given for the critical assembly measurement. Though many 
benchmark problems are available, the benchmark problems that can be used for the new 
fuel and reactor concepts are limited. In that case, numerical benchmark tests are often 
performed as an alternative during the research and development stage. This chapter will 
also provide examples of numerical benchmark models based on a Monte Carlo code.  
 
2. Development of Benchmark Problems 
Reactor physics experiments have been performed in parallel with the nuclear fuel and 
reactor development to validate and support the physics design and analysis activities. 
Since it is a tedious, time-consuming, and costly process to research, collect, and organize all 
the experimental results over the world, international cooperative programs were launched 
to develop benchmark problems that can be effectively used for specific applications (Briggs 
et al, 2000). These programs identify and verify comprehensive sets of criticality 
experimental data, evaluate the data, quantify the overall uncertainty, and compile the data 
into a standardized format. These benchmark data typically include key performance 
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parameters of the nuclear reactor system such as measurements of reactivity, reaction rates, 
buckling, flux distribution, reactivity coefficients, and fuel burnup. 
 
2.1 Cross Section Evaluation Working Group  
The Cross Section Evaluation Working Group (CSEWG) was organized in 1966 and is now a 
cooperative effort of the national laboratories, industry, and universities in the United States 
(US) and Canada. The main mission of the CSEWG is to produce the US Evaluated Nuclear 
Data File (ENDF), which has been adopted as the international standard in 2001 (CSEWG, 
2010). The CSEWG community has utilized integral experiment results as a mechanism for 
validating ENDF/B data files. In 1973, the CSEWG community has compiled 25 fast reactor 
and 36 thermal reactor benchmark problems, of which examples are given below (Alter et 
al., 1974). 
JEZEBEL Bare sphere of plutonium especially suited for testing the plutonium 
cross sections in the fission source energy range 
GODIVA Bare sphere of enriched uranium especially suited for testing 235U and 
238U cross sections in the fission source energy range 
TRX-1, 2, 3, 4 H2O-moderated, fully reflected simple assemblies operated at room 
temperature with uranium metal (1.3 wt.% 235U) fuel  
PNL-1, 2, 3, 4, 5 Five unreflected spheres of plutonium nitrate solution with 
hydrogen/239Pu atom ratios ranging from 131 to 1204 
BAPL-1, 2, 3 H2O-moderated, fully reflected simple assemblies operated at room 
temperature with high-density UO2 (1.3 wt.% 235U) fuel 
 
2.2 International Criticality Safety Benchmark Evaluation Project  
The International Criticality Safety Benchmark Evaluation Project (ICSBEP) was initiated in 
1992 by Department of Energy (DOE) and Idaho National Laboratory (INL) and is operated 
under Organization for Economic Cooperation and Development (OECD) Nuclear Energy 
Agency (NEA) and managed by the INL with US participation and leadership sponsored by 
DOE National Nuclear Security Administration (NNSA) nuclear criticality safety program 
(ICSBEP, 2010). The ICSBEP working group systematically evaluates and archives data 
required for validation of criticality safety analyses. Specifically the ICSBEP working group 
compiles critical and subcritical benchmark experiment data into a standardized format so 
that criticality safety analysts can easily use the data to validate cross-section libraries, 
analysis model, and calculation tools (Briggs, 2001).  
In 2009, the ICSBEP issued a handbook of evaluated criticality safety benchmark 
experiments which includes 4,283 critical or subcritical configurations, 24 criticality-
alarm/shielding configurations, and four fundamental physics benchmarks with 200 fission 
rate and transmission measurements. The handbook is divided into seven volumes 
depending on different type of fissile material such as plutonium, highly enriched uranium 
(235U ≥ 60 wt.%), intermediate and mixed enrichment uranium (10 wt.% < 235U < 60 wt.%), 
low enriched uranium (235U ≤ 10 wt.%), uranium-233, mixed plutonium-uranium and 
special isotope system. Examples are given below for the mixed plutonium-uranium system 
with their identification number and description (NEA, 2009)a. 
 
 
MIX-MET-FAST-012 ZPPR-21 Phase A, a cylindrical assembly of Pu metal reflected 
by graphite 
MIX-MET-INTER-001 k-infinity experiments in fast/intermediate neutron spectra for 
various fissile materials 
MIX-COMP-FAST-001 ZPR-6 assembly 7, a cylindrical assembly with mixed (Pu,U)-
oxide fuel and sodium with a thick depleted-uranium reflector 
MIX-COMP-INTER-005 Under-moderated mixed (Pu,U)-oxide (11 wt.% PuO2) lattice 
in the EOLE reactor 
 
2.3 International Reactor Physics Evaluation Project 
The International Reactor Physics Evaluation Project (IRPhEP) was initiated in 1999 by the 
OECD/NEA Nuclear Science Committee (NSC) to provide an extensively peer-reviewed set 
of reactor physics-related integral data that can be used by reactor designers and safety 
analysts to validate the analytical tools used to design next-generation reactors and establish 
the safety basis for operation of these reactors (IRPhEP, 2010). Overall technical coordination 
of the IRPhEP is directly supported by the US DOE's office of NE. The US participation on 
the IRPhEP is coordinated by the INL and Argonne National Laboratory (ANL).  
The work of the IRPhEP is formally documented in the International Handbook of 
Evaluated Reactor Physics Benchmark Experiments (NEA, 2009)b. This handbook contains 
reactor physics benchmark specifications that have been derived from experiments that 
were performed at various nuclear experimental facilities around the world. The 2009 
Edition contains data from 36 different experimental series that were performed at 21 
different reactor facilities. The handbook is organized with seven different reactor types 
such as the Pressurized Water Reactor (PWR), Water-Water Energetic Reactor (VVER), 
Liquid Metal Fast Reactor (LMR), Gas-cooled Thermal Reactor (GCR), Light Water 
Moderated Reactor (LWR), Heavy Water Moderated Reactor (HWR), and fundamental 
experiments. Sample benchmark problems are given below for the LWR. 
 
DIMPLE-LWR-EXP-001 Light water moderated and reflected low enriched 
uranium (3 wt.% 235U) dioxide rod lattices DIMPLE S01 
KRITZ-LWR-RESR-001 KRITZ-2:19 experiment on regular H2O/fuel pin lattices 
with mixed oxide fuel at temperatures 21.1°C and 235.9°C 
 
3. Critical Assembly Benchmark Analysis 
This section describes actual benchmark calculations conducted for conventional Canada 
Deuterium Uranium (CANDU) reactor physics codes against the Deuterium Critical 
Assembly (DCA) (Choi and Roh, 2004). The benchmark calculations are carried out for the 
effective multiplication factor (keff), void reactivity, local power peaking factor, and power 
distribution of a uniform core with 1.2 wt.% UO2 fuel and two-region cores with PuO2-UO2 
fuel.  
 
3.1 Description of DCA Critical Assembly 
The DCA core is deployed in an aluminum tank, of which the diameter and height are 3 m 
and 3.5 m, respectively. It contains a square lattice of either 121 or 97 fuel assemblies with 
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3. Critical Assembly Benchmark Analysis 
This section describes actual benchmark calculations conducted for conventional Canada 
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The DCA core is deployed in an aluminum tank, of which the diameter and height are 3 m 
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lattice pitches of 22.5 cm and 25.0 cm, respectively.  
 
PuO2-UO2 fuelUO2 fuel  (a) Horizontal view 
Calandria tube
Pressure tube
Fuel assembly
Critical water
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B4C absorber
Al void tank
SUS
SUS
Dump Valve
Upper grid
plate
Al support for
upper grid plate
Al grid 
plate
Concrete
Dump Valve
 (b) Vertical view 
Fig. 1. Configuration of DCA core with a lattice pitch of 25 cm 
In this study, the 97-assembly core was chosen, which can constitute a uniform core by 
loading UO2 fuel assemblies or a heterogeneous core by loading PuO2-UO2 fuel assemblies 
in the central core region as shown in Fig. 1(a). In the DCA core, the criticality is adjusted by 
changing the heavy water moderator level. The light water coolant level in the pressure tube 
is made nearly equal to the critical level of the moderator. Below and above the fuel region, 
there are several structural compartments, which are shown in Fig. 1(b). 
The standard DCA fuel assembly has 28 fuel rods and consists of three concentric rings of 
fuel rods. The fuel assembly is loaded in a pressure tube and the calandria tube surrounds 
the pressure tube, which physically separates the heavy water moderator from the light 
water coolant. Aluminum is used for both the pressure and calandria tube material. The 
dimensions of the DCA fuel lattice are given in Table 1 along with the core characteristics. 
The cluster geometry of the fuel assembly is shown in Fig. 2. Both the UO2 and PuO2-UO2 
fuel assemblies have the same active fuel height (2 m) and configuration except for the fuel 
rod size. The fuel rod size and composition are summarized in Table 2. The PuO2-UO2 fuel is 
a mixture of natural uranium oxide and standard plutonium oxide. 
 
Moderator (D2O)
Calandria tube
Air gap
Pressure tube
Clad 
Fuel pellet
Coolant (H2O)
 Fig. 2. Cross-sectional view of a 28-rod fuel assembly 
 
Radius of fuel cluster ring 
Inner/Middle/Outer 
Fuel cluster length 
Fuel meat length 
Pressure tube 
Inner/Outer diameter 
Calandria tube 
Inner/Outer Diameter 
 
13.13/30.0/ 47.58 
2223.0 
2000.0 
Aluminum 
116.8/121.0 
Aluminum 
132.5/136.5 
Core tank 
Inner/Outer diameter 
Height 
Grid plates 
Moderator 
Purity 
Temperature 
 
Aluminum 
3005.0/3035.0 
3500.0 
Aluminum 
D2O 
99.4 mol% 
22C 
 
Table 1. Dimensions of the DCA fuel lattice and core (dimensions in mm) 
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Fuel type 0.54 wt.% PuO2-UO2 
0.84 wt.% 
PuO2-UO2 
1.2 wt.% 
UO2 
 Fuel pellet 
    Density (g/cm3) 
    Diameter (mm) 
    Enrichment (wt.%) 
 
10.17 
14.69 
5SPu* 
 
10.17 
14.72 
8SPu** 
 
10.36 
14.80 
1.203 
 Composition (wt.%) 
    U-235 
    U-238 
    Pu-238 
    Pu-239 
    Pu-240 
    Pu-241 
    Pu-242 
    O 
 
0.6214 
86.782 
0.000102 
0.4304 
0.04115 
0.004359 
0.000303 
12.12 
 
0.6194 
86.503 
0.000145 
0.6849 
0.06584 
0.006960 
0.000510 
12.12 
 
1.057 
86.793 
 
 
 
 
 
12.15 
 Fuel pin (mm) 
    Clad material 
    Clad inner diameter 
    Clad outer diameter 
    Gap material 
 
Zircaloy-2 
15.06 
16.68 
He gas 
 
Zircaloy-2 
15.06 
16.68 
He gas 
 
Al 
15.03 
16.73 
Air 
*5SPu: PuO2 weight fraction in PuO2-UO2 = 0.542 wt% 
**8SPu: PuO2 weight fraction in PuO2-UO2 = 0.862 wt% 
Table 2. Characteristics of experimental fuel assemblies 
 
3.2 Computer Codes and Analysis Model 
The DCA core was analyzed by the WIMS and RFSP codes for lattice parameter generation 
and core calculation, respectively (Donnelly, 1986; Jenkins and Rouben, 1991). The WIMS 
code is a multi-group transport code, which was originally developed by United Kingdom 
Atomic Energy Authority (UKAEA) Winfrith and updated by Atomic Energy of Canada 
Limited (AECL). It performs a detailed calculation for a single lattice cell, providing flux 
distributions, eigenvalues, reaction rates and lattice parameters. The calculation methods 
used for the generation of lattice parameters are as follows: 
 The transport calculation is performed by the collision probability (PIJ) method using the 89-
group ENDF/B-V cross-section library. 
 The main transport calculation is performed using full energy group.  
 The mesh size is set to 5 mm for the coolant and moderator region. 
 The B1 method is used for the effective cell flux calculation by condensing the lattice parameters. 
 The Benoist diffusion constant model is used to generate the cell average diffusion coefficients. 
The cell-average lattice parameters are collapsed into two energy groups using effective cell-
average neutron fluxes obtained by critical buckling. Because the effective fuel section 
(moderated by heavy water) is about one half of the active fuel height, axial leakage effect is 
much greater than the radial one in the DCA core. For example, the radial and the axial 
geometric bucklings are approximately 2.5610-4 and 8.6110-4 cm-2, respectively. Therefore 
importance is given to the axial leakage when generating the cell-average diffusion 
constants using critical buckling. 
The two-group lattice parameters are used for core calculation by the RFSP code. The RFSP 
is a CANDU reactor fuel management code specifically developed by the AECL. Its main 
function is to calculate neutron flux and power distributions based on the two-group three-
dimensional neutron diffusion theory. In order to determine the reference RFSP model, 
sensitivity calculations were performed for the mesh size and boundary condition, and the 
results are as follows: 
 The reference fuel type is 1.2 wt.% UO2. The perturbed fuel type (PuO2-UO2, voided and bare 
fuel) and structural materials are represented by the incremental cross-section, which is defined 
as the difference of the macroscopic cross-sections of the nominal and perturbed lattices,  = 
pert - ref. 
 The reference mesh sizes of the active core region are 12.5 cm and 10 cm in the radial (XY) and 
axial (Z) directions, respectively. In the Z-direction, the mesh size of the lower half of the fuel is 
subdivided into 5 cm sections. 
 The aluminum tank, which is the radial boundary of the core, is modeled in a rectangular 
geometry by conserving the total volume. 
 
3.3 Benchmark Calculation of DCA 
Since the design of DCA by the Japan nuclear cycle development institute in 1960, a series of 
critical experiments have been performed to study the core physics for the heavy water 
moderated, light water cooled, and pressure-tube type research facility (Hachiya and 
Hatakenaka, 1972; Hachiya et al., 1976; Wakabayashi and Hachiya, 1977; Fukumura, 1981; 
Kowata and Fukumura, 1988; Aihara et al., 1991). In this study, benchmark calculations are 
performed for the CANDU reactor physics codes using criticality measurement data of the 
uniform and two-region DCA cores with a lattice pitch of 25 cm. The uniform core is loaded 
with 1.2 wt.% UO2 fuels, while the two-region core has both the UO2 and PuO2-UO2 fuels. 
The two-region core calculations were carried out for two PuO2-enriched fuels: 0.54 wt.% 
PuO2-UO2 (5SPu) and 0.84 wt.% PuO2-UO2 (8SPu) fuels. The effective multiplication factor 
and void reactivity are estimated for the uniform core and the two-region core with six 
different configurations, of which the number of PuO2-UO2 fuel assemblies are 1, 5, 9, 13, 21, 
and 25. 
 
3.3.1 Effective Multiplication Factor 
The effective multiplication factors of the critical core are summarized in Table 3 for 13 
cases. The root-mean-square (RMS) error of the keff estimated by the WIMS/RFSP is 0.57% 
k. The WIMS/RFSP consistently overestimates the criticality for all cases, which can be 
attributed to the approximation of the WIMS multi-group treatment in the resonance energy 
range (4 eV - 9 keV). Though the WIMS generally produces results in good agreement with 
measurements over a range of light and heavy water moderated lattices when used with 
ENDF/B-V cross-section library, it is known that the WIMS under-predicts resonance 
captures in 238U by up to 4% for under-moderated light water lattices (Donnelly, 1992). The 
effect of resonance cross-sections of the WIMS library was assessed by replacing them with 
multi-group cross-sections generated by a Monte Carlo code MCNP (Briesmeister, 1997). 
The MCNP calculation also used the ENDF/B-V cross-sections for consistency. The 
adjustment of WIMS resonance cross-sections results in an average keff value of 1.00376, 
which is a reduction of RMS error by 0.17% k.  
www.intechopen.com
Benchmark modeling and analysis 355
Fuel type 0.54 wt.% PuO2-UO2 
0.84 wt.% 
PuO2-UO2 
1.2 wt.% 
UO2 
 Fuel pellet 
    Density (g/cm3) 
    Diameter (mm) 
    Enrichment (wt.%) 
 
10.17 
14.69 
5SPu* 
 
10.17 
14.72 
8SPu** 
 
10.36 
14.80 
1.203 
 Composition (wt.%) 
    U-235 
    U-238 
    Pu-238 
    Pu-239 
    Pu-240 
    Pu-241 
    Pu-242 
    O 
 
0.6214 
86.782 
0.000102 
0.4304 
0.04115 
0.004359 
0.000303 
12.12 
 
0.6194 
86.503 
0.000145 
0.6849 
0.06584 
0.006960 
0.000510 
12.12 
 
1.057 
86.793 
 
 
 
 
 
12.15 
 Fuel pin (mm) 
    Clad material 
    Clad inner diameter 
    Clad outer diameter 
    Gap material 
 
Zircaloy-2 
15.06 
16.68 
He gas 
 
Zircaloy-2 
15.06 
16.68 
He gas 
 
Al 
15.03 
16.73 
Air 
*5SPu: PuO2 weight fraction in PuO2-UO2 = 0.542 wt% 
**8SPu: PuO2 weight fraction in PuO2-UO2 = 0.862 wt% 
Table 2. Characteristics of experimental fuel assemblies 
 
3.2 Computer Codes and Analysis Model 
The DCA core was analyzed by the WIMS and RFSP codes for lattice parameter generation 
and core calculation, respectively (Donnelly, 1986; Jenkins and Rouben, 1991). The WIMS 
code is a multi-group transport code, which was originally developed by United Kingdom 
Atomic Energy Authority (UKAEA) Winfrith and updated by Atomic Energy of Canada 
Limited (AECL). It performs a detailed calculation for a single lattice cell, providing flux 
distributions, eigenvalues, reaction rates and lattice parameters. The calculation methods 
used for the generation of lattice parameters are as follows: 
 The transport calculation is performed by the collision probability (PIJ) method using the 89-
group ENDF/B-V cross-section library. 
 The main transport calculation is performed using full energy group.  
 The mesh size is set to 5 mm for the coolant and moderator region. 
 The B1 method is used for the effective cell flux calculation by condensing the lattice parameters. 
 The Benoist diffusion constant model is used to generate the cell average diffusion coefficients. 
The cell-average lattice parameters are collapsed into two energy groups using effective cell-
average neutron fluxes obtained by critical buckling. Because the effective fuel section 
(moderated by heavy water) is about one half of the active fuel height, axial leakage effect is 
much greater than the radial one in the DCA core. For example, the radial and the axial 
geometric bucklings are approximately 2.5610-4 and 8.6110-4 cm-2, respectively. Therefore 
importance is given to the axial leakage when generating the cell-average diffusion 
constants using critical buckling. 
The two-group lattice parameters are used for core calculation by the RFSP code. The RFSP 
is a CANDU reactor fuel management code specifically developed by the AECL. Its main 
function is to calculate neutron flux and power distributions based on the two-group three-
dimensional neutron diffusion theory. In order to determine the reference RFSP model, 
sensitivity calculations were performed for the mesh size and boundary condition, and the 
results are as follows: 
 The reference fuel type is 1.2 wt.% UO2. The perturbed fuel type (PuO2-UO2, voided and bare 
fuel) and structural materials are represented by the incremental cross-section, which is defined 
as the difference of the macroscopic cross-sections of the nominal and perturbed lattices,  = 
pert - ref. 
 The reference mesh sizes of the active core region are 12.5 cm and 10 cm in the radial (XY) and 
axial (Z) directions, respectively. In the Z-direction, the mesh size of the lower half of the fuel is 
subdivided into 5 cm sections. 
 The aluminum tank, which is the radial boundary of the core, is modeled in a rectangular 
geometry by conserving the total volume. 
 
3.3 Benchmark Calculation of DCA 
Since the design of DCA by the Japan nuclear cycle development institute in 1960, a series of 
critical experiments have been performed to study the core physics for the heavy water 
moderated, light water cooled, and pressure-tube type research facility (Hachiya and 
Hatakenaka, 1972; Hachiya et al., 1976; Wakabayashi and Hachiya, 1977; Fukumura, 1981; 
Kowata and Fukumura, 1988; Aihara et al., 1991). In this study, benchmark calculations are 
performed for the CANDU reactor physics codes using criticality measurement data of the 
uniform and two-region DCA cores with a lattice pitch of 25 cm. The uniform core is loaded 
with 1.2 wt.% UO2 fuels, while the two-region core has both the UO2 and PuO2-UO2 fuels. 
The two-region core calculations were carried out for two PuO2-enriched fuels: 0.54 wt.% 
PuO2-UO2 (5SPu) and 0.84 wt.% PuO2-UO2 (8SPu) fuels. The effective multiplication factor 
and void reactivity are estimated for the uniform core and the two-region core with six 
different configurations, of which the number of PuO2-UO2 fuel assemblies are 1, 5, 9, 13, 21, 
and 25. 
 
3.3.1 Effective Multiplication Factor 
The effective multiplication factors of the critical core are summarized in Table 3 for 13 
cases. The root-mean-square (RMS) error of the keff estimated by the WIMS/RFSP is 0.57% 
k. The WIMS/RFSP consistently overestimates the criticality for all cases, which can be 
attributed to the approximation of the WIMS multi-group treatment in the resonance energy 
range (4 eV - 9 keV). Though the WIMS generally produces results in good agreement with 
measurements over a range of light and heavy water moderated lattices when used with 
ENDF/B-V cross-section library, it is known that the WIMS under-predicts resonance 
captures in 238U by up to 4% for under-moderated light water lattices (Donnelly, 1992). The 
effect of resonance cross-sections of the WIMS library was assessed by replacing them with 
multi-group cross-sections generated by a Monte Carlo code MCNP (Briesmeister, 1997). 
The MCNP calculation also used the ENDF/B-V cross-sections for consistency. The 
adjustment of WIMS resonance cross-sections results in an average keff value of 1.00376, 
which is a reduction of RMS error by 0.17% k.  
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Core type WIMS/RFSP Adjusted Core type WIMS/RFSP Adjusted 
97-UO2 1.00548 1.00395 1-8SPu 96-UO2 1.00477 1.00313 
1-5SPu 96-UO2 1.00519 1.00354 5-8SPu 92-UO2 1.00527 1.00360 
5-5SPu 92-UO2 1.00601 1.00431 9-8SPu 88-UO2 1.00588 1.00417 
9-5SPu 88-UO2 1.00553 1.00386 13-8SPu 84-UO2 1.00449 1.00276 
13-5SPu 84-UO2 1.00534 1.00361 21-8SPu 76-UO2 1.00498 1.00320 
21-5SPu 76-UO2 1.00627 1.00426 25-8SPu 72-UO2 1.00574 1.00398 
25-5SPu 72-UO2 1.00628 1.00446 Average 1.00548 1.00376 
Table 3. Summary of the effective multiplication factor 
 
3.3.2 Coolant Void Reactivity 
The coolant void reactivity is calculated by replacing the coolant with air, which is written 
as the difference of 1/keff for the nominal and the voided core, given in Table 4. The 
calculation has shown that the plutonium reduces the void reactivity more than uranium in 
the DCA core. As the UO2 fuel is replaced by PuO2-UO2 fuel in the central core region, the 
void reactivity becomes more negative. As for the enrichment of the PuO2-UO2 fuel, the void 
reactivity also decreases as the plutonium content increases. This trend is consistent in both 
the experimental and calculation results, which can be explained by a large resonance near 
0.3 eV of the fissile isotopes such as 239Pu and 241Pu. In other words, the spectrum hardening 
due to the coolant voiding increases neutron resonance absorption at 0.3 eV for the 
plutonium fuel when compared to the uranium fuel. 
 
Core type Experimental value 
WIMS/RFSP WIMS/RFSP (adjusted) 
Calculated C-E Calculated C-E 
97-UO2 -0.044±0.015 -0.001 0.043 -0.361 -0.317 
1-5SPu 96-UO2 -0.441±0.102 -0.156 0.285 -0.506 -0.065 
5-5SPu 92-UO2 -0.928±0.169 -0.637 0.291 -1.004 -0.076 
9-5SPu 88-UO2 -1.410±0.224 -1.122 0.288 -1.514 -0.104 
13-5SPu 84-UO2 -1.791±0.258 -1.475 0.316 -1.831 -0.040 
21-5SPu 76-UO2 -2.306±0.297 -2.012 0.294 -2.349 -0.043 
25-5SPu 72-UO2 -2.406±0.307 -2.181 0.225 -2.536 -0.130 
1-8SPu 96-UO2 -0.629±0.135 -0.348 0.281 -0.698 -0.069 
5-8SPu 92-UO2 -1.918±0.258 -1.674 0.244 -2.025 -0.107 
9-8SPu 88-UO2 -3.165±0.351 -2.900 0.265 -3.212 -0.047 
13-8SPu 84-UO2 -3.786±0.395 -3.599 0.187 -3.948 -0.162 
21-8SPu 76-UO2 -4.836±0.493 -4.598 0.238 -4.946 -0.110 
25-8SPu 72-UO2 -4.980±0.500 -4.825 0.155 -5.188 -0.208 
RMS error   0.250  0.136 
Table 4. Summary of the void reactivity calculation 
 
The RMS error of the void reactivity is 0.25% (1/k). For about one half of the cases that 
have relatively higher plutonium content, the calculation error is smaller than the measured 
uncertainty. Considering that the prediction error of the keff is 0.57% k for the nominal core, 
the reduction of the error for the void reactivity calculation indicates that the WIMS/RFSP 
consistently overestimate the keff even for the voided core. However if the lattice parameters 
are generated based on the adjusted cross-sections, the calculation error decreases, resulting 
in 0.14% (1/k). In fact, the calculation error is within the measured uncertainty for all cases 
except for the uniform UO2 fuel core.  
 
3.3.3 Assembly Power Distribution Across Scattered Core 
The accurate prediction of power distribution is very important for the precise 
understanding of the nuclear characteristics such as the fuel burnup distribution. In the 
DCA core, the assembly power was measured for the scattered core configuration, which 
simulates postulated fuel distribution with different fuel burnup. In the scattered core, the 
PuO2-UO2 fuels are deployed in 13 positions as shown in Fig. 3. The critical condition of the 
scattered core to measure the assembly power distribution is summarized in Table 5 where 
two kinds of coolant conditions (nominal and voided) are considered for two different fuel 
types (5SPu and 8SPu). As shown in Table 5, the criticality condition is satisfied within the 
RMS errors of 0.54% k. It is worth to note here that the prediction error of the keff is smaller 
for the voided core when compared to the nominal one, which was expected from the 
analysis of the void reactivity. 
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 Fuel type Lattice Hc (cm)  keff 
 13-5SPu 84-UO2  Nominal  98.95  1.00704  Voided  100.69  1.00204 
 13-8SPu 84-UO2  Nominal  90.28  1.00713  Voided  95.13  1.00327 
 Hc: Critical water level 
Table 5. Results of criticality for the scattered core 
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Core type WIMS/RFSP Adjusted Core type WIMS/RFSP Adjusted 
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as the difference of 1/keff for the nominal and the voided core, given in Table 4. The 
calculation has shown that the plutonium reduces the void reactivity more than uranium in 
the DCA core. As the UO2 fuel is replaced by PuO2-UO2 fuel in the central core region, the 
void reactivity becomes more negative. As for the enrichment of the PuO2-UO2 fuel, the void 
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the experimental and calculation results, which can be explained by a large resonance near 
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The RMS error of the void reactivity is 0.25% (1/k). For about one half of the cases that 
have relatively higher plutonium content, the calculation error is smaller than the measured 
uncertainty. Considering that the prediction error of the keff is 0.57% k for the nominal core, 
the reduction of the error for the void reactivity calculation indicates that the WIMS/RFSP 
consistently overestimate the keff even for the voided core. However if the lattice parameters 
are generated based on the adjusted cross-sections, the calculation error decreases, resulting 
in 0.14% (1/k). In fact, the calculation error is within the measured uncertainty for all cases 
except for the uniform UO2 fuel core.  
 
3.3.3 Assembly Power Distribution Across Scattered Core 
The accurate prediction of power distribution is very important for the precise 
understanding of the nuclear characteristics such as the fuel burnup distribution. In the 
DCA core, the assembly power was measured for the scattered core configuration, which 
simulates postulated fuel distribution with different fuel burnup. In the scattered core, the 
PuO2-UO2 fuels are deployed in 13 positions as shown in Fig. 3. The critical condition of the 
scattered core to measure the assembly power distribution is summarized in Table 5 where 
two kinds of coolant conditions (nominal and voided) are considered for two different fuel 
types (5SPu and 8SPu). As shown in Table 5, the criticality condition is satisfied within the 
RMS errors of 0.54% k. It is worth to note here that the prediction error of the keff is smaller 
for the voided core when compared to the nominal one, which was expected from the 
analysis of the void reactivity. 
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 Fuel type Lattice Hc (cm)  keff 
 13-5SPu 84-UO2  Nominal  98.95  1.00704  Voided  100.69  1.00204 
 13-8SPu 84-UO2  Nominal  90.28  1.00713  Voided  95.13  1.00327 
 Hc: Critical water level 
Table 5. Results of criticality for the scattered core 
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Position Experiment Nominal Experiment Voided 
Calculation C-E (%) Calculation C-E (%) 
UO2 
UO2 
UO2 
5SPu 
UO2 
5SPu 
UO2 
5SPu 
UO2 
UO2 
UO2 
0DR 
0D8 
0D6 
0D4 
0D2 
0 
0B2 
0B4 
0B6 
0B8 
0BR 
0.27010.0074 
0.54490.0061 
0.85250.0205 
1.31210.0143 
1.32200.0139 
1.60830.0334 
1.32800.0287 
1.31500.0452 
0.86470.0173 
0.58250.0134 
- 
0.2761 
0.5701 
0.8795 
1.2617 
1.3730 
1.5550 
1.3730 
1.2618 
0.8795 
0.5702 
0.2761 
2.22 
4.63 
3.17 
-3.84 
3.86 
-3.31 
3.39 
-4.05 
1.72 
-2.10 
- 
0.35840.0470 
0.64360.0462 
0.96680.0684 
1.37350.0040 
1.37740.0214 
1.59860.0196 
1.38130.0723 
1.34440.0081 
0.94700.0471 
0.65420.0313 
0.35490.0301 
0.3395 
0.6519 
0.9595 
1.3328 
1.4111 
1.6030 
1.4121 
1.3347 
0.9615 
0.6536 
0.3405 
-5.27 
1.28 
-0.75 
-2.96 
2.45 
0.27 
2.23 
-0.73 
1.53 
-0.10 
-4.06 
RMS error   3.35   2.51 
Table 6. Normalized power distribution with 5SPu and UO2 fuels 
 
Position Experiment Nominal Experiment Voided 
Calculation C-E (%) Calculation 
C-E 
(%) 
UO2 
UO2 
UO2 
8SPu 
UO2 
8SPu 
UO2 
8SPu 
UO2 
UO2 
UO2 
0DR 
0D8 
0D6 
0D4 
0D2 
0 
0B2 
0B4 
0B6 
0B8 
0BR 
0.25980.0034 
0.55640.0085 
0.89400.0106 
1.32400.0211 
1.56590.0180 
1.77320.0321 
1.57400.0102 
1.34030.0351 
0.89340.0128 
0.55680.0052 
0.26230.0025 
0.2422 
0.5184 
0.8520 
1.4718 
1.4674 
1.8955 
1.4675 
1.4720 
0.8522 
0.5186 
0.2424 
-6.78 
-6.82 
-4.70 
11.16 
-6.29 
6.90 
-6.77 
9.83 
-4.61 
-6.86 
-7.57 
0.33350.0175 
0.63860.0149 
- 
1.31230.0117 
1.44610.0188 
1.63650.0192 
1.40020.0530 
1.30520.0049 
0.95280.0126 
0.64850.0207 
0.32620.0112 
0.2959 
0.5802 
0.8831 
1.4271 
1.3733 
1.7636 
1.3734 
1.4272 
0.8832 
0.5803 
0.2960 
-11.28 
-9.15 
- 
8.75 
-5.04 
7.76 
-1.92 
9.35 
-7.31 
-10.53 
-9.26 
RMS error   7.35   8.45 
Table 7. Normalized power distribution with 8SPu and UO2 fuels 
 
The measured and calculated assembly power distributions for the 5SPu and 8SPu fuels are 
given in Tables 6 and 7, respectively. The calculated assembly power distributions are in 
general consistent with the measured values. The RMS errors of the nominal and the voided 
cores are 3.4% and 2.5%, respectively, for the 5SPu fuel core. Compared to the case of 5SPu 
core, the RMS error increases a little in the 8SPu core, which has higher plutonium content. 
The RMS errors of assembly power for the nominal and the voided core are 7.4% and 8.5%, 
respectively, for the 8SPu fuel core. The effect of resonance cross-sections for the 
WIMS/RFSP calculation is negligible as far as the assembly power distribution is concerned.  
 
3.4 Summary 
The measurement data of the DCA experiments were used to benchmark physics codes 
WIMS/RFSP, cross-section libraries, and analysis models. The benchmark calculation and 
sensitivity analysis have shown the following facts: 
 The criticality and the void reactivity are estimated within 0.6% k and 0.3% (1/k), respectively, 
which could be further reduced if a fine mesh model is used and the resonance absorption cross-
section of 238U is adjusted. 
 It is appropriate to use critical buckling when calculating the effective neutron flux for the group 
constant collapsing. Importance should be given to the axial diffusion constant when generating 
the cell-average diffusion constant to effectively describe the axial leakage effect. 
 The power distribution generally matches measured value within 9%. It was found that the 
resonance cross-sections have a negligible effect on the prediction of power distribution, while it 
directly affects the criticality and the void reactivity. 
 
4. Numerical Benchmark Model and Analysis 
There are continuous research and development activities for advanced nuclear fuel and 
reactors. In the area of advanced fuel development, for example, various fuel materials have 
been considered such as recovered uranium, low enriched uranium, mixed plutonium-
uranium oxide, and direct use of spent PWR fuel in CANDU reactors (DUPIC). In the area 
of reactor development, Generation-IV reactor systems are being studied for six reactor 
concepts: Supercritical Water Reactor (SCWR), Very High Temperature Reactor (VHTR), 
Sodium-cooled Fast Reactor (SFR), Gas-cooled Fast Reactor (GFR), Lead-cooled Fast Reactor 
(LFR), and Molten-salt Reactor (MSR). However, the criticality experiment data that can be 
used for benchmarking such advanced fuel and reactor designs are not readily available and 
new physics measurement activities require a large investment in terms of infrastructure, 
expertise and cost. From this aspect, the Monte Carlo method has been used as an 
alternative way of benchmarking because of its superiority over other physics methods such 
as handling continuous-energy nuclear data, capability of modeling very complex geometry 
and realistic simulation of neutron and photon interactions in the medium. So far the MCNP 
code has been the most widely used as a numerical benchmarking tool for various reactor 
systems such as PWR fuel Doppler constant, Boiling Water Reactor (BWR) fuel lattice, and 
the DUPIC fuel analyses (Mosteller and Eisenhart, 1991; Rahnema and Ilas, 1997; Roh and 
Choi, 2000).  
 
4.1 MCNP Library Generation 
The public MCNP cross-section libraries have a limited number of isotopes and temperature 
data, which is not sufficient to analyze non-conventional fuels and reactors. New MCNP 
cross-section library can be generated from ENDF using processing codes that convert the 
evaluated data into the appropriate ACE format for the MCNP code. The NJOY nuclear data 
processing system is widely used to produce working libraries for the transport codes, 
including MCNP (MacFarlane and Muir, 1994). The NJOY system consists of many 
independent modules such as RECONR, BROADR, UNRESR, HEATR, THERMR, GROUPR, 
ACER, etc. The data processing procedure is composed of three steps: reconstruction after 
reading ENDF into the point-wise ENDF (PENDF), production of the group-wise ENDF 
(GENDF) using PENDF and the weighting spectrum, and recompilation of PENDF and 
GENDF into an appropriate library format for the transport code.  
In this study, in order to assess the performance of an MCNP model, new cross-section 
libraries were generated for seven temperature points: 293, 298, 342, 561, 673, 960 and 1473 
K. Using the MAKXSF cross-section processor, which is included in the MCNP code 
package, the cross-section libraries were combined and named. For the thermal scattering 
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Calculation C-E (%) Calculation C-E (%) 
UO2 
UO2 
UO2 
5SPu 
UO2 
5SPu 
UO2 
5SPu 
UO2 
UO2 
UO2 
0DR 
0D8 
0D6 
0D4 
0D2 
0 
0B2 
0B4 
0B6 
0B8 
0BR 
0.27010.0074 
0.54490.0061 
0.85250.0205 
1.31210.0143 
1.32200.0139 
1.60830.0334 
1.32800.0287 
1.31500.0452 
0.86470.0173 
0.58250.0134 
- 
0.2761 
0.5701 
0.8795 
1.2617 
1.3730 
1.5550 
1.3730 
1.2618 
0.8795 
0.5702 
0.2761 
2.22 
4.63 
3.17 
-3.84 
3.86 
-3.31 
3.39 
-4.05 
1.72 
-2.10 
- 
0.35840.0470 
0.64360.0462 
0.96680.0684 
1.37350.0040 
1.37740.0214 
1.59860.0196 
1.38130.0723 
1.34440.0081 
0.94700.0471 
0.65420.0313 
0.35490.0301 
0.3395 
0.6519 
0.9595 
1.3328 
1.4111 
1.6030 
1.4121 
1.3347 
0.9615 
0.6536 
0.3405 
-5.27 
1.28 
-0.75 
-2.96 
2.45 
0.27 
2.23 
-0.73 
1.53 
-0.10 
-4.06 
RMS error   3.35   2.51 
Table 6. Normalized power distribution with 5SPu and UO2 fuels 
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1.34030.0351 
0.89340.0128 
0.55680.0052 
0.26230.0025 
0.2422 
0.5184 
0.8520 
1.4718 
1.4674 
1.8955 
1.4675 
1.4720 
0.8522 
0.5186 
0.2424 
-6.78 
-6.82 
-4.70 
11.16 
-6.29 
6.90 
-6.77 
9.83 
-4.61 
-6.86 
-7.57 
0.33350.0175 
0.63860.0149 
- 
1.31230.0117 
1.44610.0188 
1.63650.0192 
1.40020.0530 
1.30520.0049 
0.95280.0126 
0.64850.0207 
0.32620.0112 
0.2959 
0.5802 
0.8831 
1.4271 
1.3733 
1.7636 
1.3734 
1.4272 
0.8832 
0.5803 
0.2960 
-11.28 
-9.15 
- 
8.75 
-5.04 
7.76 
-1.92 
9.35 
-7.31 
-10.53 
-9.26 
RMS error   7.35   8.45 
Table 7. Normalized power distribution with 8SPu and UO2 fuels 
 
The measured and calculated assembly power distributions for the 5SPu and 8SPu fuels are 
given in Tables 6 and 7, respectively. The calculated assembly power distributions are in 
general consistent with the measured values. The RMS errors of the nominal and the voided 
cores are 3.4% and 2.5%, respectively, for the 5SPu fuel core. Compared to the case of 5SPu 
core, the RMS error increases a little in the 8SPu core, which has higher plutonium content. 
The RMS errors of assembly power for the nominal and the voided core are 7.4% and 8.5%, 
respectively, for the 8SPu fuel core. The effect of resonance cross-sections for the 
WIMS/RFSP calculation is negligible as far as the assembly power distribution is concerned.  
 
3.4 Summary 
The measurement data of the DCA experiments were used to benchmark physics codes 
WIMS/RFSP, cross-section libraries, and analysis models. The benchmark calculation and 
sensitivity analysis have shown the following facts: 
 The criticality and the void reactivity are estimated within 0.6% k and 0.3% (1/k), respectively, 
which could be further reduced if a fine mesh model is used and the resonance absorption cross-
section of 238U is adjusted. 
 It is appropriate to use critical buckling when calculating the effective neutron flux for the group 
constant collapsing. Importance should be given to the axial diffusion constant when generating 
the cell-average diffusion constant to effectively describe the axial leakage effect. 
 The power distribution generally matches measured value within 9%. It was found that the 
resonance cross-sections have a negligible effect on the prediction of power distribution, while it 
directly affects the criticality and the void reactivity. 
 
4. Numerical Benchmark Model and Analysis 
There are continuous research and development activities for advanced nuclear fuel and 
reactors. In the area of advanced fuel development, for example, various fuel materials have 
been considered such as recovered uranium, low enriched uranium, mixed plutonium-
uranium oxide, and direct use of spent PWR fuel in CANDU reactors (DUPIC). In the area 
of reactor development, Generation-IV reactor systems are being studied for six reactor 
concepts: Supercritical Water Reactor (SCWR), Very High Temperature Reactor (VHTR), 
Sodium-cooled Fast Reactor (SFR), Gas-cooled Fast Reactor (GFR), Lead-cooled Fast Reactor 
(LFR), and Molten-salt Reactor (MSR). However, the criticality experiment data that can be 
used for benchmarking such advanced fuel and reactor designs are not readily available and 
new physics measurement activities require a large investment in terms of infrastructure, 
expertise and cost. From this aspect, the Monte Carlo method has been used as an 
alternative way of benchmarking because of its superiority over other physics methods such 
as handling continuous-energy nuclear data, capability of modeling very complex geometry 
and realistic simulation of neutron and photon interactions in the medium. So far the MCNP 
code has been the most widely used as a numerical benchmarking tool for various reactor 
systems such as PWR fuel Doppler constant, Boiling Water Reactor (BWR) fuel lattice, and 
the DUPIC fuel analyses (Mosteller and Eisenhart, 1991; Rahnema and Ilas, 1997; Roh and 
Choi, 2000).  
 
4.1 MCNP Library Generation 
The public MCNP cross-section libraries have a limited number of isotopes and temperature 
data, which is not sufficient to analyze non-conventional fuels and reactors. New MCNP 
cross-section library can be generated from ENDF using processing codes that convert the 
evaluated data into the appropriate ACE format for the MCNP code. The NJOY nuclear data 
processing system is widely used to produce working libraries for the transport codes, 
including MCNP (MacFarlane and Muir, 1994). The NJOY system consists of many 
independent modules such as RECONR, BROADR, UNRESR, HEATR, THERMR, GROUPR, 
ACER, etc. The data processing procedure is composed of three steps: reconstruction after 
reading ENDF into the point-wise ENDF (PENDF), production of the group-wise ENDF 
(GENDF) using PENDF and the weighting spectrum, and recompilation of PENDF and 
GENDF into an appropriate library format for the transport code.  
In this study, in order to assess the performance of an MCNP model, new cross-section 
libraries were generated for seven temperature points: 293, 298, 342, 561, 673, 960 and 1473 
K. Using the MAKXSF cross-section processor, which is included in the MCNP code 
package, the cross-section libraries were combined and named. For the thermal scattering 
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law data, since the MCNP cross-section library was not made for a specific temperature, two 
temperature data were generated using the nearest temperature data and interpolated to the 
specific temperature needed. The NJOY input parameter for the fractional tolerance was set 
to be 0.001.  
 
4.2 Test of MCNP Library  
The accuracy of the newly generated cross-section libraries was assessed for the typical 
benchmark problems such as TRX-1, 2, BAPL-1, 2, 3 pin-cell lattices and KENO criticality 
safety benchmark problems (CSEWG, 1974; Petrie and Landers, 1984). Both the pin-cell 
lattice and criticality safety benchmark calculations have shown to be consistent with the 
existing MCNP library and in good agreement with the experimental data, which are 
described in the following sections. 
 
4.2.1 Pin Cell Problems 
The TRX and BAPL lattices are light-water-moderated, fully reflected, simple assemblies 
reduced from a whole reactor operating at room temperature. The fuel materials of the TRX 
and BAPL lattices are 1.3 wt.% enriched uranium metal and uranium oxide, respectively. 
The moderator-to-fuel volume ratios of TRX-1 and TRX-2 lattice are 2.35 and 4.02, 
respectively. The moderator-to-fuel ratios of BAPL-1, BAPL-2 and BAPL-3 are 1.43, 1.78 and 
2.40, respectively. These lattices are modeled in a two-dimensional geometry with 
hexagonal sides using the reflective boundary condition on the radial boundary of the pin 
cell. For all cases, the fuel gap is homogenized with the cladding material.  
The MCNP calculations for all the pin-cell lattices were done with 1000 particles per cycle 
and 1000 active cycles after 100 inactive cycles; the results of the k calculations are given in 
Table 8. For comparison, the reference calculations were also performed using the ENDF60 
library provided by Los Alamos National Laboratory (LANL) and the results were 
compared to those of the new library, which is based on ENDF/B-VI release 3. The 
comparison shows a maximum difference of k is 0.22% k. The difference in k between 
these two MCNP calculations could be due to the NJOY input parameter used to generate 
the library. The ENDF60 library was processed with NJOY and thinned with a flat 
weighting function so that most nuclides have no more than 400,000 words (Hendricks et 
al., 1994). On the other hand, the new library was processed with NJOY, but the thinning 
option of the ACER module was not used in order to improve the accuracy, even though the 
file sizes are large. 
 
Case ENDF6 (LANL) NEW 
TRX-1 1.179330.00053 1.18151 (0.00218) 
TRX-2 1.164530.00044 1.16636 (0.00183) 
BAPL-1 1.139780.00057 1.14152 (0.00174) 
BAPL-2 1.144470.00050 1.14654 (0.00207) 
BAPL-3 1.130980.00045 1.13292 (0.00194) 
Average 1.151820.00022 1.15377 (0.00195) 
(  ) difference computed as kNEW-kENDF6 
Table 8. Comparison of k for infinite pin-cell lattice 
Reaction rate ratios were also calculated and compared from each other for the ENDF6 and 
new libraries as summarized in Table 9. The reaction rate ratios are defined as follow: 
28 : the ratio of capture reactions in 238U above 0.625 eV to those below 0.625 eV, 
25 : the ratio of fission reactions in 235U above 0.625 eV to those below 0.625 eV, 
28 : the ratio of fission reactions in 238U to those in 235U, 
C* : the ratio of capture reactions in 238U to fission reactions in 235U. 
For all cases, 25 has shown good agreement with the reference values with a maximum 
differences of 1.4%. The maximum differences of 28 (fast fission factor) and 28 are 1.0% and 
2.1%, respectively, from the reference value. In general, the results of the MCNP calculation 
with the new library are lower than those of the reference. Particularly, the discrepancies 
come from the capture reaction rates of 238U. Compared with the reference calculation, the 
low value of C* with the new library is consistent with the high value of k. 
 
Case Source 28 25 28 C* 
TRX-1 ENDF6 NEW 
1.32780.175% 
(-1.665%) 
0.09660.156% 
(-1.201%) 
0.09180.175% 
(-0.359%) 
0.79130.127% 
(-1.009%) 
TRX-2 ENDF6 NEW 
0.83310.219% 
(-1.469%) 
0.05940.175% 
(-1.212%) 
0.06620.179% 
(-0.266%) 
0.63980.120% 
(-0.768%) 
BAPL-1 ENDF6 NEW 
1.40130.184% 
(-2.074%) 
0.08190.149% 
(-1.014%) 
0.07230.175% 
(-0.387%) 
0.80970.127% 
(-1.297%) 
BAPL-2 ENDF6 NEW 
1.15690.192% 
(-1.831%) 
0.06670.142% 
(-1.439%) 
0.06230.175% 
(-0.963%) 
0.73500.127% 
(-1.046%) 
BAPL-3 ENDF6 NEW 
0.91060.215% 
(-2.015%) 
0.05140.158% 
(-1.188%) 
0.05160.179% 
(-0.736%) 
0.65800.120% 
(-1.055%) 
Average ENDF6 NEW 
1.12590.088% 
(1.811%) 
0.07120.070% 
(1.211%) 
0.06880.079% 
(0.542%) 
0.72680.056% 
(1.035%) 
(  ) relative difference computed as (NEW–ENDF6 )/ENDF6  100 
Table 9. Comparison of reaction rates for infinite pin-cell lattice 
 
4.2.2 Criticality Safety Problems 
In order to further verify the accuracy of the new MCNP library, criticality safety 
benchmark calculations have been performed for 25 sample problems used for the KENO 
Monte Carlo code. The sample problems constitute the KENO standard benchmark set and 
represent a relatively wide variety of criticality problems. The input parameters and 
detailed geometry descriptions are given in the Criticality Safety Benchmark Problems 
(Wagner et al., 1992).  
The results of the MCNP benchmark calculations are given in Table 10. Compared with the 
experimental data, the new library produces results which are as good as ENDF60 
generated by LANL, though there is a slight increase of error. Even when the same library 
version is used, there could be differences in the calculation results. For example, when 
KENO benchmark No. 3 was run with the ENDF50 (RMCCS) library, the keff was 
0.99770.0010, while it was 0.99900.0011 and 0.99930.0011 in Wagner et al. (1992) and 
Hendricks et al. (1994), respectively. However, such differences are small enough to be 
attributed to the difference of the MCNP version and the computational environment. 
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law data, since the MCNP cross-section library was not made for a specific temperature, two 
temperature data were generated using the nearest temperature data and interpolated to the 
specific temperature needed. The NJOY input parameter for the fractional tolerance was set 
to be 0.001.  
 
4.2 Test of MCNP Library  
The accuracy of the newly generated cross-section libraries was assessed for the typical 
benchmark problems such as TRX-1, 2, BAPL-1, 2, 3 pin-cell lattices and KENO criticality 
safety benchmark problems (CSEWG, 1974; Petrie and Landers, 1984). Both the pin-cell 
lattice and criticality safety benchmark calculations have shown to be consistent with the 
existing MCNP library and in good agreement with the experimental data, which are 
described in the following sections. 
 
4.2.1 Pin Cell Problems 
The TRX and BAPL lattices are light-water-moderated, fully reflected, simple assemblies 
reduced from a whole reactor operating at room temperature. The fuel materials of the TRX 
and BAPL lattices are 1.3 wt.% enriched uranium metal and uranium oxide, respectively. 
The moderator-to-fuel volume ratios of TRX-1 and TRX-2 lattice are 2.35 and 4.02, 
respectively. The moderator-to-fuel ratios of BAPL-1, BAPL-2 and BAPL-3 are 1.43, 1.78 and 
2.40, respectively. These lattices are modeled in a two-dimensional geometry with 
hexagonal sides using the reflective boundary condition on the radial boundary of the pin 
cell. For all cases, the fuel gap is homogenized with the cladding material.  
The MCNP calculations for all the pin-cell lattices were done with 1000 particles per cycle 
and 1000 active cycles after 100 inactive cycles; the results of the k calculations are given in 
Table 8. For comparison, the reference calculations were also performed using the ENDF60 
library provided by Los Alamos National Laboratory (LANL) and the results were 
compared to those of the new library, which is based on ENDF/B-VI release 3. The 
comparison shows a maximum difference of k is 0.22% k. The difference in k between 
these two MCNP calculations could be due to the NJOY input parameter used to generate 
the library. The ENDF60 library was processed with NJOY and thinned with a flat 
weighting function so that most nuclides have no more than 400,000 words (Hendricks et 
al., 1994). On the other hand, the new library was processed with NJOY, but the thinning 
option of the ACER module was not used in order to improve the accuracy, even though the 
file sizes are large. 
 
Case ENDF6 (LANL) NEW 
TRX-1 1.179330.00053 1.18151 (0.00218) 
TRX-2 1.164530.00044 1.16636 (0.00183) 
BAPL-1 1.139780.00057 1.14152 (0.00174) 
BAPL-2 1.144470.00050 1.14654 (0.00207) 
BAPL-3 1.130980.00045 1.13292 (0.00194) 
Average 1.151820.00022 1.15377 (0.00195) 
(  ) difference computed as kNEW-kENDF6 
Table 8. Comparison of k for infinite pin-cell lattice 
Reaction rate ratios were also calculated and compared from each other for the ENDF6 and 
new libraries as summarized in Table 9. The reaction rate ratios are defined as follow: 
28 : the ratio of capture reactions in 238U above 0.625 eV to those below 0.625 eV, 
25 : the ratio of fission reactions in 235U above 0.625 eV to those below 0.625 eV, 
28 : the ratio of fission reactions in 238U to those in 235U, 
C* : the ratio of capture reactions in 238U to fission reactions in 235U. 
For all cases, 25 has shown good agreement with the reference values with a maximum 
differences of 1.4%. The maximum differences of 28 (fast fission factor) and 28 are 1.0% and 
2.1%, respectively, from the reference value. In general, the results of the MCNP calculation 
with the new library are lower than those of the reference. Particularly, the discrepancies 
come from the capture reaction rates of 238U. Compared with the reference calculation, the 
low value of C* with the new library is consistent with the high value of k. 
 
Case Source 28 25 28 C* 
TRX-1 ENDF6 NEW 
1.32780.175% 
(-1.665%) 
0.09660.156% 
(-1.201%) 
0.09180.175% 
(-0.359%) 
0.79130.127% 
(-1.009%) 
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0.83310.219% 
(-1.469%) 
0.05940.175% 
(-1.212%) 
0.06620.179% 
(-0.266%) 
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(-0.768%) 
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1.40130.184% 
(-2.074%) 
0.08190.149% 
(-1.014%) 
0.07230.175% 
(-0.387%) 
0.80970.127% 
(-1.297%) 
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1.15690.192% 
(-1.831%) 
0.06670.142% 
(-1.439%) 
0.06230.175% 
(-0.963%) 
0.73500.127% 
(-1.046%) 
BAPL-3 ENDF6 NEW 
0.91060.215% 
(-2.015%) 
0.05140.158% 
(-1.188%) 
0.05160.179% 
(-0.736%) 
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(1.811%) 
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Table 9. Comparison of reaction rates for infinite pin-cell lattice 
 
4.2.2 Criticality Safety Problems 
In order to further verify the accuracy of the new MCNP library, criticality safety 
benchmark calculations have been performed for 25 sample problems used for the KENO 
Monte Carlo code. The sample problems constitute the KENO standard benchmark set and 
represent a relatively wide variety of criticality problems. The input parameters and 
detailed geometry descriptions are given in the Criticality Safety Benchmark Problems 
(Wagner et al., 1992).  
The results of the MCNP benchmark calculations are given in Table 10. Compared with the 
experimental data, the new library produces results which are as good as ENDF60 
generated by LANL, though there is a slight increase of error. Even when the same library 
version is used, there could be differences in the calculation results. For example, when 
KENO benchmark No. 3 was run with the ENDF50 (RMCCS) library, the keff was 
0.99770.0010, while it was 0.99900.0011 and 0.99930.0011 in Wagner et al. (1992) and 
Hendricks et al. (1994), respectively. However, such differences are small enough to be 
attributed to the difference of the MCNP version and the computational environment. 
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 MCNP calculation Difference from experiment 
No. ENDF60 NEW ENDF60 NEW keff STD keff STD 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
0.99513 
0.99513 
1.00134 
0.99866 
1.00075 
0.74257 
0.99506 
0.93879 
2.25974 
0.99513 
0.99513 
0.99944 
0.99236 
0.99717 
1.00053 
0.99551 
0.99689 
1.02736 
0.99944 
0.99960 
0.99283 
0.99404 
0.99513 
0.99521 
0.99516 
0.00081 
0.00081 
0.00107 
0.00268 
0.00300 
0.00053 
0.00082 
0.00071 
0.00226 
0.00081 
0.00081 
0.00124 
0.00082 
0.00089 
0.00106 
0.00101 
0.00146 
0.00134 
0.00124 
0.00146 
0.00086 
0.00084 
0.00081 
0.00078 
0.00088 
0.99483 
0.99483 
0.99963 
0.99769 
1.00332 
0.74210 
0.99566 
0.93633 
2.25645 
0.99483 
0.99483 
0.99695 
0.99011 
0.99483 
0.99966 
0.98944 
0.99589 
1.02569 
0.99695 
0.99264 
0.99194 
0.99719 
0.99483 
0.99762 
0.99537 
0.00087 
0.00087 
0.00101 
0.00318 
0.00275 
0.00065 
0.00083 
0.00078 
0.00101 
0.00087 
0.00087 
0.00123 
0.00081 
0.00077 
0.00099 
0.00089 
0.00145 
0.00126 
0.00123 
0.00137 
0.00090 
0.00087 
0.00087 
0.00079 
0.00088 
-0.00487 
-0.00487 
0.00134 
-0.00134 
0.00075 
* 
-0.00494 
* 
* 
-0.00487 
-0.00487 
-0.00056 
-0.00764 
-0.00283 
0.00053 
* 
* 
* 
-0.00056 
-0.00040 
-0.00717 
-0.00596 
-0.00487 
-0.00479 
-0.00484 
-0.00517 
-0.00517 
-0.00037 
-0.00231 
0.00332 
* 
-0.00434 
* 
* 
-0.00517 
-0.00517 
-0.00305 
-0.00989 
-0.00517 
0.00034 
* 
* 
* 
-0.00305 
-0.00736 
-0.00806 
-0.00281 
-0.00517 
-0.00238 
-0.00463 
Average 0.98425 0.00030 0.98320 0.00030 0.00358 0.00436 
* Experimental values of keff could not be located for these problems 
STD: one standard deviation due to statistical uncertainty 
Table 10. KENO criticality safety benchmark calculation 
 
In order to further investigate the dependence of keff on the ENDF version and the thinning 
option of the NJOY processing system, additional calculations have been performed for two 
cases; the first case uses the same thinning option as was used for ENDF60 (ENDF/B-VI 
Release 2) and the second case uses 0.001 as the tolerance. The average differences for these 
two cases are 0.00408 and 0.00370, which are very close to the result of the reference 
calculation done by the ENDF60 library (0.00358). This comparison has shown that the new 
MCNP library was generated in a consistent way with the references and the differences are 
residing in the ENDF version. In general, the results are more consistent with the 
experimental data when a tight tolerance (0.001) is used for the NJOY process. 
 
4.3 DCA Numerical Benchmark Model 
Based on the description given in Section 3.1, an MCNP model was developed for the DCA 
and the results were compared to the experimental data. The simulation was performed 
using a fully heterogeneous core model that explicitly describes the individual fuel rod and 
channel. The criticality calculation has shown an excellent agreement for the keff; the average keff is 
0.99898 and the RMS error is 0.14% k. The code has shown a strong credibility in the prediction of 
an integral parameter such as the keff, which can be attributed to the robust solution method as 
well as the capability of exact modeling of the fuel assembly and the reactor core. 
For the void reactivity, the calculation error was defined as the difference of the calculation 
and experimental results (C-E), because the experimental value is very small for some cases, 
and the RMS error is 0.40% (1/k) for 13 cases. Though the MCNP has predicted the keff of 
the nominal core with excellent accuracy, the error of the void reactivity is a little larger than 
the RMS of measured uncertainty (0.30%). If the error of the keff for the voided core is 
assumed to be the same as that for the nominal core, a simple error propagation formulation 
will give an error of 0.20% (1/k) for the void reactivity. However the results in Table 11 
indicate that the accuracy drops a little for the keff calculation if the coolant channel is 
voided.  
The RMS error of the local power peaking factor (LPPF), defined as the ratio of the power 
density of an individual fuel ring over the average power density of a fuel assembly, was 
estimated by weighting ring-wise LPPF error with the number of fuel rods in each ring as 
given in Table 12. The simulation has shown that the RMS error of the LPPF is a little higher 
for the voided fuel assembly compared with the nominal one. For the fuel types considered 
here (5SPu and 8SPu in central 25 fuel channels), the RMS errors of the LPPF are 0.39% and 
1.1% for the nominal and the voided assemblies, respectively. It is worth to note that the 
LPPF measurements were made for central 25 fuel assemblies of the DCA, and the average 
value was taken for each fuel ring. The LPPFs estimated by the MCNP are also from the core 
calculation that explicitly describes individual fuel rod.  
 
Core type keff Void reactivity Experiment Calculated C-E 
97-UO2 0.998510.00020 -0.044±0.015 0.243 0.287 
1-5SPu and 96-UO2 0.997720.00019 -0.441±0.102 0.143 0.584 
5-5SPu and 92-UO2 0.998580.00020 -0.928±0.169 -0.436 0.492 
9-5SPu and 88-UO2 0.999190.00021 -1.410±0.224 -0.933 0.477 
13-5SPu and 84-UO2 0.998730.00020 -1.791±0.258 -1.343 0.448 
21-5SPu and 76-UO2 1.000260.00020 -2.306±0.297 -1.838 0.468 
25-5SPu and 72-UO2 1.000050.00021 -2.406±0.307 -2.048 0.358 
1-8SPu and 96-UO2 0.997280.00019 -0.629±0.135 -0.078 0.551 
5-8SPu and 92-UO2 0.998180.00020 -1.918±0.258 -1.532 0.386 
9-8SPu and 88-UO2 0.999940.00021 -3.165±0.351 -2.845 0.320 
13-8SPu and 84-UO2 0.998410.00021 -3.786±0.395 -3.596 0.190 
21-8SPu and 76-UO2 0.999520.00021 -4.836±0.493 -4.786 0.050 
25-8SPu and 72-UO2 1.000410.00021 -4.980±0.500 -4.998 -0.018 
Average 0.998980.00021   0.396 
Table 11. Summary of the effective multiplication factor and void reactivity 
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 MCNP calculation Difference from experiment 
No. ENDF60 NEW ENDF60 NEW keff STD keff STD 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
0.99513 
0.99513 
1.00134 
0.99866 
1.00075 
0.74257 
0.99506 
0.93879 
2.25974 
0.99513 
0.99513 
0.99944 
0.99236 
0.99717 
1.00053 
0.99551 
0.99689 
1.02736 
0.99944 
0.99960 
0.99283 
0.99404 
0.99513 
0.99521 
0.99516 
0.00081 
0.00081 
0.00107 
0.00268 
0.00300 
0.00053 
0.00082 
0.00071 
0.00226 
0.00081 
0.00081 
0.00124 
0.00082 
0.00089 
0.00106 
0.00101 
0.00146 
0.00134 
0.00124 
0.00146 
0.00086 
0.00084 
0.00081 
0.00078 
0.00088 
0.99483 
0.99483 
0.99963 
0.99769 
1.00332 
0.74210 
0.99566 
0.93633 
2.25645 
0.99483 
0.99483 
0.99695 
0.99011 
0.99483 
0.99966 
0.98944 
0.99589 
1.02569 
0.99695 
0.99264 
0.99194 
0.99719 
0.99483 
0.99762 
0.99537 
0.00087 
0.00087 
0.00101 
0.00318 
0.00275 
0.00065 
0.00083 
0.00078 
0.00101 
0.00087 
0.00087 
0.00123 
0.00081 
0.00077 
0.00099 
0.00089 
0.00145 
0.00126 
0.00123 
0.00137 
0.00090 
0.00087 
0.00087 
0.00079 
0.00088 
-0.00487 
-0.00487 
0.00134 
-0.00134 
0.00075 
* 
-0.00494 
* 
* 
-0.00487 
-0.00487 
-0.00056 
-0.00764 
-0.00283 
0.00053 
* 
* 
* 
-0.00056 
-0.00040 
-0.00717 
-0.00596 
-0.00487 
-0.00479 
-0.00484 
-0.00517 
-0.00517 
-0.00037 
-0.00231 
0.00332 
* 
-0.00434 
* 
* 
-0.00517 
-0.00517 
-0.00305 
-0.00989 
-0.00517 
0.00034 
* 
* 
* 
-0.00305 
-0.00736 
-0.00806 
-0.00281 
-0.00517 
-0.00238 
-0.00463 
Average 0.98425 0.00030 0.98320 0.00030 0.00358 0.00436 
* Experimental values of keff could not be located for these problems 
STD: one standard deviation due to statistical uncertainty 
Table 10. KENO criticality safety benchmark calculation 
 
In order to further investigate the dependence of keff on the ENDF version and the thinning 
option of the NJOY processing system, additional calculations have been performed for two 
cases; the first case uses the same thinning option as was used for ENDF60 (ENDF/B-VI 
Release 2) and the second case uses 0.001 as the tolerance. The average differences for these 
two cases are 0.00408 and 0.00370, which are very close to the result of the reference 
calculation done by the ENDF60 library (0.00358). This comparison has shown that the new 
MCNP library was generated in a consistent way with the references and the differences are 
residing in the ENDF version. In general, the results are more consistent with the 
experimental data when a tight tolerance (0.001) is used for the NJOY process. 
 
4.3 DCA Numerical Benchmark Model 
Based on the description given in Section 3.1, an MCNP model was developed for the DCA 
and the results were compared to the experimental data. The simulation was performed 
using a fully heterogeneous core model that explicitly describes the individual fuel rod and 
channel. The criticality calculation has shown an excellent agreement for the keff; the average keff is 
0.99898 and the RMS error is 0.14% k. The code has shown a strong credibility in the prediction of 
an integral parameter such as the keff, which can be attributed to the robust solution method as 
well as the capability of exact modeling of the fuel assembly and the reactor core. 
For the void reactivity, the calculation error was defined as the difference of the calculation 
and experimental results (C-E), because the experimental value is very small for some cases, 
and the RMS error is 0.40% (1/k) for 13 cases. Though the MCNP has predicted the keff of 
the nominal core with excellent accuracy, the error of the void reactivity is a little larger than 
the RMS of measured uncertainty (0.30%). If the error of the keff for the voided core is 
assumed to be the same as that for the nominal core, a simple error propagation formulation 
will give an error of 0.20% (1/k) for the void reactivity. However the results in Table 11 
indicate that the accuracy drops a little for the keff calculation if the coolant channel is 
voided.  
The RMS error of the local power peaking factor (LPPF), defined as the ratio of the power 
density of an individual fuel ring over the average power density of a fuel assembly, was 
estimated by weighting ring-wise LPPF error with the number of fuel rods in each ring as 
given in Table 12. The simulation has shown that the RMS error of the LPPF is a little higher 
for the voided fuel assembly compared with the nominal one. For the fuel types considered 
here (5SPu and 8SPu in central 25 fuel channels), the RMS errors of the LPPF are 0.39% and 
1.1% for the nominal and the voided assemblies, respectively. It is worth to note that the 
LPPF measurements were made for central 25 fuel assemblies of the DCA, and the average 
value was taken for each fuel ring. The LPPFs estimated by the MCNP are also from the core 
calculation that explicitly describes individual fuel rod.  
 
Core type keff Void reactivity Experiment Calculated C-E 
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1-5SPu and 96-UO2 0.997720.00019 -0.441±0.102 0.143 0.584 
5-5SPu and 92-UO2 0.998580.00020 -0.928±0.169 -0.436 0.492 
9-5SPu and 88-UO2 0.999190.00021 -1.410±0.224 -0.933 0.477 
13-5SPu and 84-UO2 0.998730.00020 -1.791±0.258 -1.343 0.448 
21-5SPu and 76-UO2 1.000260.00020 -2.306±0.297 -1.838 0.468 
25-5SPu and 72-UO2 1.000050.00021 -2.406±0.307 -2.048 0.358 
1-8SPu and 96-UO2 0.997280.00019 -0.629±0.135 -0.078 0.551 
5-8SPu and 92-UO2 0.998180.00020 -1.918±0.258 -1.532 0.386 
9-8SPu and 88-UO2 0.999940.00021 -3.165±0.351 -2.845 0.320 
13-8SPu and 84-UO2 0.998410.00021 -3.786±0.395 -3.596 0.190 
21-8SPu and 76-UO2 0.999520.00021 -4.836±0.493 -4.786 0.050 
25-8SPu and 72-UO2 1.000410.00021 -4.980±0.500 -4.998 -0.018 
Average 0.998980.00021   0.396 
Table 11. Summary of the effective multiplication factor and void reactivity 
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Fuel 
type 
Rin
g 
Nominal Voided 
Experiment Calculated C/E-1 (%) Experiment Calculated C/E-1 (%) 
5SPu 
1 0.640.01 0.6430.002 0.52 0.760.01 0.7700.001 1.32 
2 0.820.01 0.8130.001 -0.82 0.860.01 0.8560.001 -0.43 
3 1.180.01 1.1830.001 0.22 1.130.01 1.1290.001 -0.06 
8SPu 
1 0.610.01 0.6130.001 0.48 0.710.01 0.7260.001 2.27 
2 0.790.01 0.7910.001 0.11 0.810.01 0.8230.001 1.57 
3 1.200.01 1.2010.001 0.11 1.170.01 1.1570.001 -1.10 
RMS error   0.39   1.10 
Table 12. Comparison of the local power peaking factor 
 
5. Conclusion 
This chapter has described the current status of international activities of benchmark 
problem development, examples of practical benchmark calculations of a critical assembly, 
and the feasibility of applying numerical benchmark models when the measurement data 
are not available. The results of benchmark calculations have shown that the current nuclear 
data, computer code system and the conventional design and analysis approach have a 
good confidence level in predicting integral parameters of the critical assembly and power 
reactor. It was also found that the numerical benchmark models developed by the Monte 
Carlo code can be used to validate the advanced nuclear fuel and reactor design and 
analysis during the earlier stage of the development.  
The international community has systematically collected and processed reactor physics 
measurement data that provide the basis for recording, development and validation. These 
results became a valuable asset that can be used for research and development today and in 
the future as well. In conclusion the importance of the benchmark modeling and analysis 
can be summarized as follows (Sartori, 2000):  
 The experimental benchmarks are required to validate the physics models used in 
computer codes in conjunction with the associated nuclear data used to describe the 
microscopic phenomena underlying the macroscopic behavior.  
 The benchmark analysis can be used as a training tool for the users to understand how a 
well-defined problem is modeled in a computer. Even though the best nuclear data and 
computer codes are used for the analysis, the quality of the results depends on the 
modeling capability of the users and therefore it is essential to train the users based on 
validated and verified problems.  
 The benchmark problems need to be continuously developed and expanded to comply 
with the requirements of licensing design and analysis tools. Especially the measurement 
data for the safety-related parameters such as fuel temperature coefficient and coolant 
void reactivity are limited. More physics measurement data are also required for the gas-
cooled reactor system which is currently being developed as a next generation nuclear 
plant.  
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